This paper describes an electrowetting on dielectric (EWOD) digital microfluidic-based lab-on-a-chip (LOC) integrated with on-chip electrochemical microsensor by IC compatible fabrication process, and its application for the entire online biosensing process capable of fully automatic analysis for ferrocenemethanol (FcM) and dopamine (DA). In this work, we made full use of the parallel-plate structure of the EWOD digital microfluidic device to fabricate the microfluidic module on the bottom plate and the three-microelectrode-system-integrated electrochemical cell together with patterned ground electrode on the top plate. The proposed LOC possesses the multifunction of: (1) creating, merging and transporting of microliter-level sample droplets, (2) online biosensing, and (3) droplets recycling. The three-electrodeintegrated microsensor not only reveals a sensitive electrochemical detection for FcM in a wide concentration range (10 μM-1.0 mM), but also shows good stability, selectivity and reproducibility for surface-controlled detection of DA. The calibration of DA was linear for concentration from 1.0 to 50.0 μM with a high sensitivity of 2145 nA μM −1 cm −2 (R 2 = 0.9933) and estimated detection limit of 0.42 μM (signal/noise ratio of 3). This work shows the promise of state-of-the-art digital microfluidic biosensors for fully automatic online bioanalysis in a future LOC to perform on-chip biomedical protocols in vitro diagnostic assays.
Introduction
Nowadays, microfluidics in combination with multidisciplinary science has been explored for cutting-edge biosensing in chemistry, material science, biology and medicine applications (Linder 2007 , Hong et al 2009 , Jebrail et al 2012 . These microfluidic-based lab-on-a-chip (LOC) devices demonstrate great potential for miniaturization and integration with various detection technologies (Yang and Woolley 2010) and most of them were based on microchannel-based microfluidics (i.e. continuous microfluidics) (Bange et al 2005 , Qiang et al 2010 , Lin et al 2013 . However, these devices generally face many challenges with respect to inflexibility and device complexity, contaminated channel, difficulties of package efficiency and integration. Fortunately, droplet-based microfluidics (i.e. digital microfluidics) can fundamentally overcome the inherent problems by implementing a complete set of programmable fluidic operations with a finite array of elemental components (Teh et al 2008 , Seemann et al 2012 . Especially, electrowetting on dielectric (EWOD) has emerged as an active research area in academia and industry, due to the unique advantages of minimal reagent consumption, unparallel feasibility, ease of use, lower cost, high compatibility and portability to perform online biomedical protocols (Fair 2007 , Lidija et al 2010 , Nelsona and Kim 2012 , Pollack et al 2011 .
It is known that an ideal LOC would integrate and automate all of the detecting steps, including sample collection and transfer, sample preparation, analytical processes and detection. Over the past decades, however, most of the published work about biological applications of digital microfluidics addressed only parts of this entire process; i.e. they were not fully integrated LOCs (Pollack et al 2011) . The cost and complexity of making the surface functionalized and fabricating embedded sensing module might be crucial problems. Therefore, a robust, inexpensive and easily manipulated sensor is essential for integration with microfluidic devices. Among those developed sensing techniques, the electrode-based electrochemical sensor, which has found extensive applications in diverse industries (Grieshaber et al 2008 , Bakker and Qin 2006 , Kimmel et al 2012 , is inherently compatible with EWOD microfluidics and enables the monolithic LOC possible (Yu et al 2013) .
Since it possesses such prominent advantages as ease of miniaturization, fast reaction rate, superior sensitivity, costeffective production, portability and high compatibility with advanced micromachining and microfabrication technologies (Wang et al 2002b , Hebert et al 2003 , integrated electrochemical sensing devices are supposed to be promising assays for a wide range of biological sensing applications in ultra-small environments. Recently, some pioneers have reported on the incorporation of electrochemical sensors into EWOD microfluidic devices (Dubois et al 2006 , Lindsay et al 2007 , Karuwan et al 2011 . Nonetheless, all of them were based on the external electrodes for electrochemical detection. As far as we know, there have been few reports about on-chip electrochemical measurements in droplet-based microfluidic systems so far, probably due to the primary challenges to embed naked electrochemical electrodes into an EWOD device, which consists of a hydrophobic surface. In our recent work, we have successfully fabricated a monolithic LOC incorporated electrochemical cell into the EWOD electrode on a single plate (Yu et al 2013) . In this device, a Teflon AF coating acted both as the insulator and hydrophobic layer for electrowetting. We have noticed, however, that Teflon AF could perform well only when thicker and faultless coatings are carefully prepared without any pinholes. This is because Teflon AF has the lowest dielectric constant (1.9) among all known polymers (Sabbatovskii et al 2004) , which would greatly increase the driving voltage and the risk of electric breakdown during manipulating target droplets. On the other hand, there was a potential problem of liquid residues on the electrochemical cell, because the hydrophilic surface would hinder the motion of target droplets at the EWOD hydrophobic surface. Furthermore, rather than the complete LOC function, the work of Yu et al (2013) paid more attention to the complex fabrication process of a monolithic LOC. Therefore, the goal of this work is to overcome these shortcomings and propose an entire process of fully integrated LOC.
In this paper, we separated the electrochemical sensor and transferred it from the bottom plate to the top plate, i.e. the EWOD module was fabricated on the bottom plate while the patterned ground electrodes coplanar with the electrochemical sensor cell were well-designed at the top plate. For the bottom plate, the common SU-8 material, instead of Teflon, was used for the dielectric layer at the bottom plate, and an additional coating of a thin Teflon layer was used for the hydrophobic surface. Compared with Teflon, SU-8 has excellent photopatterning abilities (Benlarbi et al 2012) , compatibility with straightforward coating processes and superior dielectric constant as high as 4.1. This would simplify the fabrication process of the bottom plate and make it practical to reduce drive voltage during manipulating target droplets and further improve the repeatability and stability of the lowvoltage EWOD device. For the top plate, patterned ground electrodes and optimized configuration of electrochemical cell were designed so as to obtain more prominent voltammetric response and solve the problem of liquid residues. In this part, two feasible fabrication processes (lift-off patterning and reactive ion etching method) were used to selectively expose the hydrophilic electrochemical cell. Thus a parallelplate LOC EWOD integrated with a EWOD microfluidic and an on-chip electrochemical microsensor was constructed by IC compatible fabrication process. The fully automatic on-chip analysis of ferrocenemethanol (FcM) and dopamine (DA) were performed by cyclic voltammetry. This EWODbased microsensor demonstrated a fast, sensitive and selective electrochemical response in some coexisting interferences for DA detection.
Experimental section

Reagents and apparatus
Teflon AF 2400 (1wt%, DuPont) film was used as the as hydrophobic layer in the EWOD device. SU-8 2002 (MicroChem) was used as the dielectric material. Positive photoresist (RZJ-304) was purchased from Suzhou Ruihong Electronic Chemical Co., Ltd. FcM and phosphate buffer saline (PBS, pH = 7.4) were provided by Sigma-Aldrich. Dopamine hydrochloride was obtained by Shanghai DEMO Medical Tech Co., Ltd. Other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. All the chemicals were of analytical reagent grade. Physical vapor deposition (PVD, ASC-4000-C4 Type L, ULVAC, Japan) was used to deposit Ti/Au metal layers to form the on-chip electrodes. RIE-10NR (Samco International, Japan) was used to modify and etch the Teflon coating. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed with a CHI1030 electrochemical workstation (CH Instruments Inc., USA). All the experiments were carried out at room temperature.
Design and configuration of parallel-plate LOC
Figure 1(A) shows the configuration of the parallelplate EWOD digital microfluidic device. The top plate consists of the glass substrate, patterned ground electrodes and electrochemical cell. In the three-electrode system of the electrochemical sensor, gold material was used for the working, counter and pseudo-reference electrodes (denoted as WE, CE and pseudo-RE). Although Ag/AgCl is commonly used as the reference electrode in most conventional electrochemical sensors, the Ag/AgCl electrodes in biological-based systems will promote inaccuracies and errors that result in nonreproducible measurements of reference potential (Kimmel et al 2012) . In contrast, in view of the simplified one-step fabrication, feasible use of extremely thin electrodes, strong biological compatibility, relatively stable reference potential, malleability and durability at ambient environment, we chose gold as the pseudo-RE instead (Gau et al 2005 , Liao et al 2006 , Wei et al 2009 . The deviations of both currents and potentials in the first cycle for ten measurements in Au/Au/Au system were proved less than 4.8% during the experiment of this work (shown in figure 2) . The Au/Au/Au system comprises a standard circular disc WE (300 μm in radius), a large arc-shaped CE (525 μm in outer radius), and a smaller arc-shaped pseudo-RE. The thickness of the electrodes (CE, WE, pseudo-RE) is 300 nm. The EWOD ground wire is 300 μm in width. The EWOD drive electrodes on the bottom plate were made up of 14 actuation electrodes (3 × 3 mm 2 each) and four largescale reservoir electrodes (8 × 9 mm 2 each). Therefore, the area ratio of the electrochemical cell and each EWOD drive electrode is only 9.6% (i.e. the hydrophobic-to-hydrophilic area ratio is more than 90%), which was sufficient for the unimpeded motion of liquid droplets.
Fabrication of parallel-plate LOC
For the bottom-plate fabrication, a glass coated with 150 nm indium tin oxide (ITO) was chosen as the substrate for the EWOD function. It was pre-cleaned sequentially by acetone, ethanol and deionized water for 30 min of each step, and dried by pure N 2 flow. The patterned ITO electrodes were The stability test of Au/Au/Au system in 0.1 M PBS solution containing 0.7 mM FcM for ten measurements. Inset: the peak-to-peak potential (top) and peak currents (bottom) for different measurements, respectively. then fabricated by standard photolithography. Subsequently, 1.5 μm SU-8 was spin-coated on them, followed by coating a Teflon film (80 nm). The SU-8 film and Teflon layer were used for the dielectric layer and hydrophobic layer of the drive electrodes, respectively. To fabricate the top plate, a common glass without ITO layer was used as the substrate. After pre-cleaning and drying, the Ti/Au bilayers (400 nm in total) were deposited on it by PVD. Then the electrochemical electrodes and ground electrode wires for electrowetting were patterned by one-step lithography. In order to selectively expose the electrochemical cell to get fresh gold electrodes, while keeping the surface of the other region covered with Teflon as the hydrophobic layer, two feasible fabrication processes could be used. (a) Lift-off patterning. The positive photoresist film was first spin-coated on the top plate, and then patterned to make it cover the electrochemical cell when photoresist at other regions were removed. A 100 nm thick Teflon film was coated and postbaked afterwards. Thereafter, the substrate was immersed in acetone with gentle agitation until the Teflon film over the photoresist was lifted off (usually 30 s duration). After rinsing and drying, the Teflon film was further reflowed by baking on a hot plate at 165
• C, 245
• C and 330
• C for 5 min at each temperature (denoted as three-temperature process). (b) Reactive ion etching (RIE) method (Yu et al 2013) . Primarily, a Teflon film was coated on the substrate, and cured at 60
• C for 15 min. Then, the hydrophobic Teflon layer was treated by RIE technology with 30 sccm argon gas at 100 W for 2 s to change its surface wettability. This step was used to serve the next spin-coating of photoresist for lithography to expose the Teflon film covering the electrochemical cell. Subsequently, the RIE technology was performed again for 60 s to selectively etch the pre-wetted Teflon on the electrochemical cell. Finally, the photoresist layer was removed, and the device was baked using the three-temperature process to recover the surface properties of the Teflon layer.
Assembly of parallel-plate LOC
After completing both the bottom and top plates, we assembled them to form the LOC platform, as shown in figure 1(B) . The two plates were aligned and joined by stacking layers with double-sided tape to form a gap of about 80 μm. The EWOD drive electrodes at the bottom plate were connected to the common terminals of SPDT relays. The potential was switched between high potential and zero potential through the relays. To get the high potential signal, 1 kHz sine ac signal was generated from the function generator, and then amplified to 50 Vrms with an amplifier. The digital output signals of a data acquisition device programmed by the LABVIEW software were used to switch the relays to actuate the EWOD electrodes. a waste reservoir to collect effluent solutions. For the detection of target analyte, two droplets (i.e. blank and reagent solutions) were first pulled out of the 1# and 2# reservoirs, respectively (figures 3(A) and (B)). They were adequately mixed at the cross-type junction to form sample droplet (figures 3(C) and (D)), and then kept on moving onto the sensing region for electrochemical detection. The effluent droplet was collected in the waste reservoir after detection (figures 3(E) and (F)). Thereafter, several fresh water droplets were created from the 3# reservoir, then transported to wash the electrochemical cell, and finally collected in the waste reservoir (figures 3(G)-(I)).
Results and discussion
EWOD microfluidic function
Electrochemical detection for FcM probe
FcM/FcM + redox couple is an ideal quasi-reversible electrochemical probe in electrochemical detection. Figure 4 reveals the electrochemical detection for the FcM probe in a wide concentration range (10 μM-1.0 mM). Figure 4(A) is the experimental CVs of FcM in 0.1 M PBS solution. Obviously, the peak current increased with increasing concentration of FcM. The peak-to-peak potential ( E p ) was stable at around 110 mV, indicating a quasi-reversible reaction process of FcM probe. Figure 4(B) shows the calibration curve of concentration linear with anodic peak current (I pa ) and cathode peak current (I pc ). The peak currents (I pa and I pc ) are proportional to the concentrations in the range from 10 μM to 1.0 mM with the sensitivity 5.47 nA μM −1 (R 2 = 0.9999) and 5.21 nA μM −1 (R 2 = 0.9990), respectively.
Electrochemical behavior of dopamine
It is known that dopamine (DA) is an electroactive catecholamine neurotransmitter in the brain and is essential for the normal function of the central nervous system (Benes 2001) . Among many analytical methods (Parsons et al 1998 , Wang et al 2002a , Moccelini et al 2008 , Araya et al 2013 , Shahrokhian et al 2012 , the electrochemical sensing technique for electroactive DA detection has attracted researchers' interest. However, the electrochemical irreversibility of DA on conventional electrodes is poor, and some common molecules coexisting with DA in organisms always interfere with the electrochemical detection of DA on conventional naked electrodes. Therefore, it is of significance to electrochemically detect DA with both high selectivity and sensitivity (Jackowska and Krysinski 2013) . In this work, we studied direct determination of DA in the proposed LOC. Before the quantitative detection of DA, the location of anodic and cathodic potentials should be first evaluated. Figure 5(A) gives the typical CV curves of blank solution and target droplets with 20 μM DA. Obviously, the redox reaction of DA is a quasi-reversible electrochemical process on the microsensor at a relatively fast scan rate, with wellbehaved peak currents and quasi-symmetric peak potentials as well. The anodic peak current of 20 μM DA was about 25.6 nA. In comparison with conventional gold electrodes (Zhuang et al 2011) , the on-chip microelectrode demonstrated the oxidation of DA at a lower applied potential (0.12 ± 0.02 V) with smaller E p of 95 mV in PBS solution. The rapid and sensitive voltammetric response for DA might be attributed to the ultrashort diffusion distances in the micro-sized volume of the analyte droplet. The inset of figure 5(A) shows the results of repeated CVs of DA on a single electrode. When monitoring 20 μM DA for individual scanning, the current responses for six measurements remained almost unchanged with the relative standard deviation (RSD) of less than 5.2%. This indicates that the on-chip microelectrode possessed good stability for relatively low concentration of DA. The effect of scan rate on the peak current of DA at the surface of on-chip electrodes was also investigated. As shown in figure 5(B) , the peak currents are proportional to the increasing scan rates. The linear regression equation is I pc (nA) = −10.0156-0.2261ν (mV s −1 ) with correlation coefficient of R 2 = 0.9990. It suggests that a typical surface-controlled process dominates the electrochemical reaction of DA.
Since the DPV technique has a much higher current sensitivity and better resolution than CV does, it was commonly used in the quantitative determination of molecule concentrations and the estimation of the limit of detection. Figure 6 shows the quantitative detection of DA was studied in a wide concentration range by DPV. From figure 6, it can be seen that the oxidation peak current was proportional to the concentration of DA in the range from 1.0 to 50.0 μM. The linear-regression equation is I p (DA) (nA) = 175.489 + 6.0694 C DA (μM) with a sensitivity of 2.145 μA μM −1 cm −2 (R 2 = 0.9933). The estimated detection limit was around 0.42 μM with a signal/noise ratio of 3.
Stability, reproducibility and interference
In order to investigate the stability of the on-chip electrochemical sensor, the current response of 20 μM DA was recorded once every half an hour. The current responses for eight measurements remained almost constant with the RSD of about 6.3%. When the LOC was stored at ambient temperatures for 60 days, the oxidation peak current showed less than 4.5% variation relative to the initial response, indicating long-term stability and excellent reproducibility of the proposed LOC.
Some coexisting substances normally found in biological samples, like glucose, ascorbic acid (AA), K generally interfere with the electrochemical detection of DA. Therefore, the effect of different interferents coexisting with DA was evaluated by calculating the ratio of peak current ((i 1 −i 0 )/i 0 ), where i 1 and i 0 were CV peak currents of DA in the presence and absence of other substances. As shown in table 1, the presence of 500-fold KCl, 500-fold NaCl and 200-fold glucose caused almost no interference with the detection of DA (10 μM) with a deviation below 4%. Meanwhile, the electrochemical oxidation of AA has an obvious effect on the current response of DA, mainly owing to the similar oxidation potential. These results indicate that partially selective determination of DA could be directly realized in this proposed LOC.
Conclusions
In this work, fully automated and online quantitative analysis for microliter-level reagents was achieved by using a digital microfluidic-based LOC integrated with an onchip electrochemical microsensor. The proposed LOC solved the primary challenges of embedding an electrochemical sensor in a monolithic EWOD-based LOC by IC compatible fabrication. It realized an entire online process capable of both EWOD functionality to create, merge and transport sample droplets and on-chip biosensing for fast, sensitive and selective detection of DA in some coexisting interferent. The parallel-plate functionalization of LOC displayed many outstanding advantages, including low cost, low-voltage drive, compatibility with mass manufacturing, easy operation and minimal consumption of reagents. This work demonstrated a crucial study for the potential of state-of-the-art digital microfluidic biosensors in a fully integrated LOC. Moreover, it deserves further study for high-throughput and real-time detection of a real-world application in the future.
